Abstract

20
Using data covering the years 2005-2009, we study the linear and nonlinear responses of log 10 21 relativistic electron flux measured at geosynchronous orbit to ULF Pc5, VLF lower band chorus, and EMIC 22 waves. We use regression models incorporating a quadratic term and a synergistic interaction term. 23
Relativistic electron fluxes respond to ULF Pc5 and VLF chorus waves both linearly and nonlinearly. ULF 24
Pc5 waves contribute both to electron enhancement (at mid-range wave activity) and loss (at high levels 25 of wave activity). Nonlinear effects of VLF chorus are positive (i.e., cause acceleration), adding to the 26 positive linear effects. Synergistic interaction effects between high levels of VLF chorus and mid-range 27 values of ULF Pc5 waves result in more electron acceleration than would be predicted by a simpler 28 additive model. Similarly, the negative effect of EMIC waves (losses) is more influential than would be 29 predicted by a linear model when combined with either VLF chorus or ULF Pc5 waves. During disturbed 30 conditions (high Kp), geostationary electron flux responds more strongly to the same levels of ULF Pc5 31 and VLF chorus waves. This flux also responds more to ULF Pc5 and chorus waves during southward Bz 32 conditions. Unstandardized regression coefficients for models incorporating nonlinear and synergistic 33 effects of waves are presented for use in future modelling. 34 35
Introduction
36
At geosynchronous orbit, the level of relativistic electron flux is in part controlled by wave-particle 37 interactions. Flux enhancement follows both enhanced ULF Pc5 wave activity (ultralow frequency; 2-7 38 mHz) (Borovsky & Denton, 2014; Degtyarev et al., 2009; Lam, 2017; Mathie & Mann, 2000; Mann et al., 39 2004; O'Brien et al., 2003; Rostoker et al., 1998; Simms et al., 2016; Su et al., 2015) and higher VLF lower 40 band chorus wave activity (very low frequency waves; 0.1 -0.5 fce, the electron cyclotron frequency) 41 (Horne et al., 2005a; Iles et al., 2006; Meredith et al., 2002 Meredith et al., , 2003 Miyoshi et al., 2003; 2007; O'Brien et 42 al., 2003; Spasojevic & Inan, 2005; Thorne et al., 2013; Turner et al., 2013; 2014) . EMIC (electromagnetic 43 ion cyclotron) waves contribute to electron loss through pitch angle scattering (Blum et al., 2015; 44 Clilverd et al., 2007; 2015; Engebretson et al., 2015; Gao et al., 2015; Li et al., 2014; Miyoshi et al., 2008; 45 Rodger et al., 2008; Summers & Thorne, 2003; Turner et al., 2014; Usanova et al., 2014) . 46
Co-occurring ULF Pc5 waves and a VLF chorus wave proxy have been observed to increase relativistic 47 electron flux additively at lower L-shells (L ~ 4.5), although ULF Pc5 effects on flux dominated over the 48 VLF proxy at geosynchronous orbit (O'Brien et al., 2003) . However, previously, we have found that VLF 49 chorus from L 4 (DEMETER satellite) correlates well with enhanced flux at geosynchronous orbit where it 50 acts additively in combination with ULF Pc5 effects to produce flux enhancements (Simms et al., 2018a, 51 in submitted (Paper 1)). There has also been speculation that any loss processes associated with VLF 52 and EMIC waves combine in their effects (Mourenas et al., 2016; Summers & Ma, 2000) . Observational 53 evidence supports this theory of additive action by VLF and EMIC waves in their ability to scatter 54 ultrarelativistic electrons (Zhang et al., 2017) . 55 56
However, the combined effect of several wave types on flux may not be simply a matter of adding their 57 influences together. They could act synergistically, with each factor having more or less influence at 58 varying levels of the other. This can be tested with an interaction term in multiple regression. By 59 multiplying the factors together and entering this new variable into the analysis, the hypothesis that 60 these factors do more than act additively can be tested. 61
62
In addition to these interactions (represented by a multiplicative factor in regression), wave effects may 63 not be linear over their whole range. Nonlinear effects can be explored with the addition of a squared 64 term, thereby creating a quadratic model. 65
Using regression techniques, we produce prediction models using wave parameters from observed data 66 inputs, incorporating both interaction terms and quadratic terms. In this study, we use autoregressive 67 models, to account for the high persistence of relativistic electron flux from day to day. We use data 68 only from the day previous to the flux measurement ("lag 1"), where wave effects are strongest, and 69 analyze only two wave types in each model so as to be able to present them graphically. In our previous 70 analyses (Simms et al., 2018a submitted (Paper 1)), predictor variables averaged over the day previous 71 to that on which flux was measured ("lag 1") correlated better with relativistic electron geostationary 72 flux; we therefore use lag 1 predictor data for our models here. As in our previous paper, we also add 73 an autoregressive (AR) term: the flux on lag 1. For example, the model incorporating ULF Pc5 and VLF 74 chorus would be represented as: 75
Where b 0 is the intercept of the predicted regression line, b AR the dependence of flux on its own value 77 the day before (the autoregressive term), b 1 and b 2 the slopes of the relationship between the linear and 78 quadratic (nonlinear component) ULF Pc5 terms with flux, b 3 and b 4 the parameters describing the 79 dependence on the linear and quadratic values of chorus, and b 5 the coefficient describing the 80 synergistic interaction effect of combined waves. This equation can be calculated by the ordinary least 81 squares method (Neter et al., 1985) . 82
We analyze all available data with this model, then break the data into quiet times and disturbed times 83 for separate analyses. We also break the data into southward and northward Bz, based on the Bz daily 84 average. 85 86
Data and Methods
87
Over the years 2005-2009, we used daily averaged log 10 electron fluxes (log(electrons/(cm^2/s/sr/keV))) 88 for relativistic electrons in four energy channels: 0.7-1.8, 1.8-3.5, 3.5-6.0, and 6.0-7.8 MeV. Flux data 89 comes from the Los Alamos National Laboratory (LANL) Energetic Spectrometer for Particles (ESP) 90 instruments located at geosynchronous orbit. ULF Pc5 was obtained from a ground-based ULF index 91 covering local times 0500 -1500 in the Pc5 range (2-7 mHz) obtained from magnetometers stationed at 92 60-70° N CGM (Corrected GeoMagnetic) latitude (nT^2/Hz) (Kozyreva et al., 2007) . VLF lower band 93 chorus (0.1 -0.5 fce) daily-averaged intensity (log(μV^2/m^2/Hz)) is from the ICE (Instrument Champ  94 Electrique) on the Demeter satellite (Berthelier et al., 2006) . We use L 4 (4.0-4.99), the highest L shell 95 for which there is good data coverage, averaged over the dayside passes of the satellite (LT 10:30). We 96 use pre-noon (dayside) chorus because it is found over a broader range of latitudes than pre-midnight 97 (nightside) chorus (Li et al., 2009; Thorne, 2010; Tsurutani & Smith, 1977 Figure 1 shows the regression analyses for all available data. Four separate energy channels are shown 134 on each row, with row A depicting the response of the LANL log 10 relativistic electron fluxes to variations 135 in VLF chorus and ULF Pc5 wave intensity. In order to reduce congestion in the plots the units of each 136 parameter are not added to the plot labels (but are defined in Section 2 above). Row B compares the 137 influence of EMIC and ULF Pc5 waves on the log 10 electron fluxes, while row C compares EMIC and VLF 138 chorus waves. 139
Results
133
The influence of ULF Pc5 does not follow a linear trend over its whole observed range (Figure 1 A and B, 140 Table 1 and 2). The peak influence occurs at mid-range powers (~ 60 nT 2 /Hz; letter a of Figure 1A . 141
These trends are also visible in 1B but are not labeled). Above this mid-range, the influence of ULF Pc5 142 decreases, with the lowest influence at the highest levels of the index (b). This is described by the 143 negative quadratic term and is strongest in the lowest three energy channels ( Figure 1A ). 150
Increased VLF chorus has a positive influence on flux which is more pronounced when paired with EMIC 151 waves ( Figure 1 A and C, Tables 2 and 3) . 157
Waves interact synergistically in some situations. ULF Pc5 and VLF chorus mutually increase their effects 158 (ULF Pc5 X Chorus terms of Table 1 ). This interaction is statistically significant at higher flux energies 159 (3.5-7.8 MeV; terms where p < .05). ULF Pc5 and EMIC waves tend to depress the other's effect at the 160 two lower channels of flux (Table 2: negative ULF Pc5 X EMIC interaction term at 0.7-1.8 and 1.8-3.5 161 MeV). In Figure 1B EMIC waves act to reduce low energy electron fluxes in the presence of high ULF Pc5 162 wave intensities. They appear to act in synergy with ULF Pc5 waves at the highest energy electron 163 channels (3.5-7.8 MeV), but this effect is not statistically significant (ULF Pc5 X EMIC terms of Table 2 ). 164
In Figure 1C the EMIC waves act to quench the positive influence of increasing VLF chorus intensities, 165 although this quenching action becomes less effective in the higher energy channels (negative EMIC X 166
Chorus terms of Table 3 ). 167
Wave effects during quiet vs. disturbed times 168
To study whether wave effects during geomagnetically quiet days are different than on disturbed days, 169 we performed the same regression analyses as above, but with data separated into low Kp (<2. exhibits a lower dynamic range during quiet periods to a range of -2.5 -1 log(μV^2/m^2/Hz) vs. -2 -175 1.75 during high Kp. However, the range in the number of hours high power EMIC waves are observed 176 is higher during quiet periods, with EMIC activity occurring up to 14 h/day instead of up to 11 h/day 177 during high Kp. These differences in predictor ranges may affect the response of flux, most dramatically 178 to the expanded ULF Pc5 range during disturbed times. However, it is also possible that this reflects 179 changes in the ionosphere which influences detection of EMIC waves in the ground-based data. 180
The response of flux at low Kp to ULF Pc5 waves is always positive (e.g., letter a, Figures 2 and 3) , while 181 at high Kp electron flux peaks during midrange ULF Pc5 values as it does in the full data set (b). 182
However, the greater range of ULF Pc5 under high Kp conditions is not entirely responsible for the 183 higher flux response. In the lowest energy channel (0.7-1.8 MeV) the response of flux to ULF Pc5 is 184 higher even in the 0-40 nT^2/Hz range of the ULF Pc5 index when Kp is high. 185
At low Kp, when VLF chorus is paired with ULF Pc5, the linear flux response is mostly positive over the 186 energy levels (e.g., Figure 2 , letter c), but a negative square term (quadratic effect) causes a levelling off 187 of the response (a downward trend) as VLF chorus increases (e.g., letter d of Figure 2 ). This response is 188 most visible at 0.7-1.8 MeV. However, at high Kp, while the response to VLF chorus is linear at the lower 189 energies (e), the positive square term (quadratic) at the higher energies becomes more influential ( Increased VLF chorus results in increased flux at all energy levels during southward Bz, with the 210 increases becoming more nonlinear with increased electron energy. During northward Bz, there is little 211 effect of VLF chorus when ULF Pc5 is weak. However, as in our previous analysis, when the ULF Pc5 212 wave intensity is ~60 nT^2/Hz VLF chorus waves act to increase electron flux levels, particularly for the 213 lower energy channels. 214 215
Discussion 216
In a previous paper, we studied the combined linear effects of ULF Pc5, VLF chorus, and EMIC waves on 217 log 10 flux of geosynchronous orbit relativistic trapped electrons (Simms et al., 2018a submitted (Paper 218 1)). In the present paper, we further this exploration by investigating the non-linear effects of these 219 waves, as well as possible synergistic interactions between pairs of wave types. 220
At all four of the energy levels studied, ULF Pc5 power is most influential when its index is at mid-range 221 values. Its influence on flux levels falls off at the highest values of the index as the negative non-linear 222 quadratic term in the regression model becomes more influential. At the lower flux energies in 223 particular (0.7-3. et al. (2015) argued that chorus is the primary driver, at least after a depletion event. Our results 249
show that both waves contribute to flux enhancements. Although one or the other may dominate as 250 the primary driver in individual events, in general, we find that enhancements are driven by both waves 251 in combination, both additively, and, at the higher energy levels, synergistically. Previous work has 252
shown that VLF chorus and ULF Pc5 effects at geostationary orbit may add to enhance electron flux 253 (O'Brien et al., 2003) . However, the significant interaction term we see in our regression models shows 254 that their combined action is not just additive but synergistic as well. Higher chorus levels result in more 255 effective enhancement by mid-range ULF Pc5, and vice versa. The highest flux levels are seen at high 256 chorus intensity levels and mid-range ULF Pc5 index levels. This may be the result of ULF Pc5 waves, 257 through radial diffusion, pre-accelerating electrons to sub-relativistic energies. Once these electrons are 258 at this energy level, VLF chorus waves are more effective at accelerating them to relativistic speeds. 259
The nonlinearity of the ULF Pc5 influence may be responsible for differing conclusions in the literature 260 about its effectiveness relative to VLF chorus. Our results show that if ULF Pc5 occurs at low to moderate 261 levels in a given study, a positive linear relationship between it and flux will be found. However, the 262 inclusion of the upper range of ULF Pc5 levels in another study could lead to the conclusion that there is 263 a negative relationship or none at all, leaving VLF chorus as the only likely seeming driver. It is also 264 noteworthy that combining ULF Pc5 and VLF chorus in the same model results in a stronger negative 265 effect of high intensity ULF Pc5 in the higher energy ranges. Thus, the addition of VLF chorus allows the 266 observation of the negative ULF Pc5 quadratic effect. This demonstrates that the correlations and 267 interactions between wave types means studying one in isolation may not lead to valid physical 268 interpretations of its effects. Models of these wave effects on flux on flux may benefit from using 269 several waves as predictors and including the non-linear quadratic effects as well as the synergistic 270 effects between the waves. 271
For the most part, EMIC waves show both a less pronounced linear influence and a smaller nonlinear 272 effect on flux. However, they do show a negative interaction with both ULF Pc5 and chorus at the lower 273 energy levels. This negative synergism results in a larger decrease in flux when both EMIC and either 274 ULF Pc5 or chorus waves are at high levels. Modelling work has suggested that loss processes associated 275 with chorus could act most effectively in conjunction with EMIC waves (Mourenas et al., 2016; Summers 276 & Ma, 2000) . There is also observational evidence that the EMIC and chorus/hiss waves act additively to 277 decrease flux (Zhang et al., 2017) . The negative interaction found in our regression models shows that 278 the combined effect of EMIC and VLF chorus waves is not just additive. High levels of one enhance the 279 negative action of the other. We have also found that loss due to ULF Pc5 (at high levels) is enhanced in 280 the presence of EMIC waves in a multiplicative and not just additive manner. 281
The effect of all types of waves during quiet times (Kp < 2.3) is modest, while that during disturbed times 282 more closely follows the patterns seen overall. Thus, most of the effects in the full analysis are due to 283 the disturbed condition response. Some of the response difference between quiet and disturbed 284 geomagnetic activity levels is due to different ranges of wave intensity present in these differing times. 285
In particular, the negative non-linear response to high levels of ULF Pc5 cannot be observed during quiet 286 times because this wave type does not show the same high level of activity as it does during disturbed 287 conditions. However, the initial linear slope of the low intensity ULF Pc5 effect at high Kp is steeper than 288 that during low Kp; thus, the effect of the same level of ULF Pc5 activity is greater during disturbed 289 times. The same is true for VLF chorus. Chorus also shows a levelling off of effect at higher activity (> 0 290 log(μV^2/m^2/Hz)) during quiet times. This may indicate that precipitation due to chorus is a larger 291 factor during quiet times. 292
Ground stations detect EMIC waves at a large range of L shells due to ionospheric ducting. Thus, ground 293 data from Halley (L = 4.6)) is useful in this study because it only includes wave activity at 294 geosynchronous orbit (Anderson et al., 1992; Kim et al., 2010 Kim et al., , 2011 . However, long distance 295 ionospheric ducting of EMIC waves is disrupted during disturbed times. These waves are less likely to be 296 observed on the ground during these periods (Engebretson et al., 2008 Journal of Geophysical Research Space Physics, 119, 1960 -1979 
